In this study on the excretory apparatus of the Bufo bufo larvae, the ultrastructural features and the atrial natriuretic peptide (ANP)-system were examined using cytochemical and immunocytochemical methods. The early embryonic kidney, the pronephros, is replaced by a later stage, the mesonephros. The pronephros degenerates at the time of metamorphosis and the mesonephros becomes the functional kidney in the adult. Both these organs are targets for ANP, demonstrated by the presence of the specific receptors, indirectly highlighted by the cytochemical localization of the guanylate cyclase in the presence of exogenous atrial natriuretic peptide. This study concluded that the mesonephros produces ANP and thus clusters of cells containing ANP-like granules, positive to the anti-α ANP immunolocalization, were present along the mesonephric proximal tubule. The atrial natriuretic peptide system carries out an important osmoregulatory role in the excretory apparatus.
Introduction
The amphibian excretory apparatus begins to develop in the early embryonic stages as a pronephros originating from scanty cephalic nephrotomes in both sides of the body. The pronephros is functional in the larval stages until metamorphosis begins, cooperating with the gills in excretory function, control of water-salt balance [1] and reabsorbtion of funda-mental substances for the organism. At metamorphosis, the pronephros degenerates [2] and is replaced by a mesonephros that becomes the functional kidney in the adult.
The development, morphology and ultrastructure of the amphibian pronephros and mesonephros have been extensively studied [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Previous studies [1, [16] [17] [18] [19] on larval and adult amphibians show that the organs involved in the osmoregolatory functions are targets of atrial natriuretic peptide (ANP). NP is a hormonal peptide produced in all vertebrates [20] [21] [22] [23] and with BNP (brain natriuretic peptide) and CNP (C-type natriuretic peptide), it is one of the family of the natriuretic peptides that are involved in osmoregolatory phenomena, including vasodilator, diuretic and natriuretic functions [24] . In larval and adult amphibians, the presence of ANP and/or of its receptors has been demonstrated in the cardiac tissue [25] [26] [27] [28] [29] as well as in other tissues [1, 18, 19, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . The vertebrate kidney is an important target organ for ANP; in fact this hormone helps regulate the volume of extracellular fluid and the electrolyte balance by increasing the secretion of water and salt by directly acting on the kidney [23] . Some authors [40] [41] [42] [43] [44] [45] [46] suggest that the mammalian kidney is also involved in the synthesis of the hormone.
The presence of a well-developed receptor system demonstrates that the kidney of adult amphibians is an important target organ for ANP [47] [48] [49] . Thus, the aim of the present study was to determine the presence of ANP and its receptors in the larval kidneys. In order to demonstrate the presence of ANP, indirect immunofluorescence with the polyclonal antibody anti-αANP was used, while the peptide receptors were indirectly located by the cytochemical localization of guanylate cyclase (GC). In fact, the physiological effect of ANP is primarily mediated by increased levels of cellular cGMP by means of activation of particulate GC coupled with ANP-specific receptors with which GC copurifies [50] [51] [52] [53] . Two types of receptors coupled to GC have been identified: GC-A and GC-B [51, 52] . ANP preferentially forms a complex with the GC-A receptor [53, 54] . The natriuretic peptides bind to a third type of receptor, called C receptor, whose activity is not coupled with increased cGMP; this receptor is not a membrane form of GC, and is considered a clearance receptor [55] .
Materials and methods
Bufo bufo tadpoles, at the larval stage X and XIII [56] were used in this study. Tadpoles at the X larval stage still had a functional pronephros and a mesonephros that was not well developed. At the XIII larval stage, the pronephros showed signs of degeneration.
The specimens were anesthetized with MS222 and cut open ventrally; the kidneys were carefully removed and processed. The specimens were treated according to the norms of the Bioethics Committee of the University.
Electron Microscopy
The kidneys were prefixed for 1 hour in ice-cold 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4). After washing in the same buffer, the samples were post-fixed for 1 hour in 1% OsO 4 , dried in an increasing series of ethanol and then embedded in Epon-Araldite [57] . The ultrathin sections were stained with uranyl acetate [58] and lead citrate [59] and then examined under a Philips 400 TEM at 60 Kv.
Cytochemistry
For the cytochemical localization of particulate guanylate cyclase, some kidney specimens were prefixed for 20 minutes in ice-cold 1% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4), and rinsed in 80 mM Tris-maleate buffer 0.1 M (pH 7.4) with 250 mM sucrose at 4
• C. The cytochemical localization of particulate GC activity was studied according to the methods described in [60] After incubation, all samples were rinsed several times in 0.1 M cacodylate buffer (pH 7.4) and post-fixed for 1 hour in 1% OsO 4 . Samples were then dehydrated in a graded series of ethanol, and embedded in Epon-Araldite mixture [57] . After brief staining in a saturated solution of uranyl acetate in 50% ethanol [58] , ultrathin sections were examined with a Philips 400 TEM.
The method used in the present study is based on the localization of a lead precipitate formed at the site where inorganic pyrophosphate is produced by GC from its substrate. G pp (NH) p , an analogue of GTP, is considered a suitable substrate for the ultracytochemical demonstration of GC activity [60, 61] . Teophylline, used as a phosphodiesterases inhibitor, was included in the medium to inhibit non-specific enzymes, such as alkaline phosphatase, that could play a role in G pp (NH) p conversion. G pp (NH) p and fANP were obtained from Sigma Chemical Co., St. Louis, Mo, USA.
Immunocytochemistry
Some kidney specimens were fixed for 2 hours in 4% paraformaldehyde at 4
• C. After fixation was complete, the specimens were dehydrated in graded ethanols, clarified with xylene and infiltrated with three changes of paraffin at 53
Some samples were fixed for 90 minutes at 20
• C by immersion in 2% paraformaldehyde and 0.2% glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.2). After fixation, they were rinsed overnight in the same buffer. Tissue samples were then dehydrated in graded ethanols at low temperature and embedded at −35
Some 5 μm deparafinized sections and 1 μm Lowicryl thin sections were rehydrated with phosphate-buffered saline (PBS: 137 mM NaCl, 2.7 mM KCl, 1.5 mM KH 2 PO 4 , 8 mM Na 2 HPO 4 , pH 7.3), permeabilized with 0.2% Triton X-100 in PBS, preincubated with PBS plus 1% bovine serum albumin (BSA), and incubated for 2 hours at 37
• C with rabbit anti-αANP polyclonal antibody (Chemicon International), specific for the alpha atrial natriuretic polypeptide, diluted 1:40 and 1:80. After thorough washes with PBS, the sections were treated with biotinylated goat anti-rabbit IgG (Vector Laboratories) diluted with 4.5 μg/ml in PBS-BSA 1%. After three rinses in PBS, the sections were incubated with fluorescein isothiocyanate avidin D (Vector Laboratories) diluted to 20 μg/ml in HEPES-buffered saline (HEPES: 21 mM HEPES, 137 mM NaCl, 5 mM KCl, 0.7 mM Na 2 HPO 4 ·2H 2 O, 5.5 mM glucose, pH 8.2). Finally, the samples were mounted with Vectaschield Mounting Medium (Vector Laboratories), and examined with a DM/RS/FLUO/RS Leica fluorescence microscope equipped with a Wild MPS 48 photomicrographic system. Control sections were treated with PBS or pre-immune serum instead of the primary antibody.
Results
The pronephros of Bufo bufo tadpoles originates from the confluence of three anterior nephrotomes, each consisting of a glomerulus and a tubule. The three glomeruli merge into a glomus that is formed by a network of capillaries from which the ultrafiltrate flows into the coelomic cavity. In front of the glomus, three ciliated nephrostomes open into the coelom and connect to three short tubules that join to form a single convoluted proximal tubule. This segment continues as the distal tubule and posteriorly as the nephric duct that opens into the cloaca.
In the X larval stage a complete functional pronephros is present (Figure 1a) . At the ultrastructural level, the glomus is made up of numerous capillaries that are surrounded by coelomatic epithelial cells, or podocytes. These cells have long processes that adhere to the endothelium of the capillaries with numerous foot processes (Figure 1b) . The cytochemical investigation showed that the products of the reaction were formed at the level of the glomus. In particular, the cellular membranes of the podocyte processes, the numerous small vesicles inside the podocytes (Figures 1c, d) , as well as the perforated endothelium of capillaries ( Figure 1e ) were positive to the reaction.
The proximal tubule has monolayered cubic epithelium. The cells have numerous thin microvilli and pinocytotic vesicles in the apical zone, and are characterized by deep folds in the baso-lateral zone of the cellular membrane (Figure 2a ). Along this tubular tract, the cytochemical reaction was very positive. In fact, numerous lead deposits were observed in the different cellular compartments. In the apical cytoplasm, the products of the reaction were present in both the microvilli and the pinocytotic vesicles ( Figure 2b) ; in the basoand lateral zone, the products of the reaction were abundant along the cellular membrane folds (Figure 2c ). Blood vessels surround the proximal tubule and their endothelia,were also positive to the reaction. The structure of the distal tubule is very different from that of the proximal tubule. Its monolayered epithelium has sparse, small, irregular microvilli, while the lateral and basal cell membranes are extensively folded. Elongated mitochondria are associated with the basal plasma membrane folds (Figure 3a) . The cytochemical reaction at the level of the distal tubule only was positive along the basal folded membranes; however the products of the reaction were not very numerous (Figure 3b ). The endothelium of the large blood vessels around the distal tubule was positive to the reaction. The last part of the nephridial tubule, the pronephric duct, has a flat epithelium and the products of the reaction were not present.
Significant parallel results were obtained employing the two methods for the immunolocalization of ANP and the cytochemical localization of its receptors. Actually, the anti-αANP immunolocalization was positive in the same zones where the ANP receptors were located. The immunoreaction occured in the glomus, the tubule, and in the endothelium of the blood vessels around the nephridial tubule (Figures 4a,b,c) .
In the X larval stage, the mesonephros is already present and is located in the posterior region of the abdominal cavity, beside the spine, and reveals dorsal nephrons development in progress, while few ventral nephrons are differentiated [15] . A complete nephron is made up of a Malpighian corpuscle and tubule. A ciliated peritoneal funnel opens into the coelom (Figure 5a ). At the ultrastructural level, the glomerular capillaries of the Malpighian corpuscle show a thin, perforated endothelium, and are encircled by the foot processes of the capsular visceral layer. The capsular space separates the visceral layer from the parietal layer of the Bowman's capsule (Figures 5b,c) . The cytochemical localization of ANP-stimulated GC showed the products of the reaction along the cell membranes of the parietal layer, at the visceral foot processes, and in the endothelium of the capillaries (Figures 5d,e) .
At this stage, the mesonephric tubule consists of a neck segment that connects the Bowman's capsule to the proximal tubule, from the proximal and distal tracts that are separated by an intermediate, ciliated segment [15] . The morphology of the proximal and distal tubule resembles the same parts of the pronephric tubule. Along the whole tubule, the cytochemical reaction products were less abundant than in the pronephros. In particular, the reaction was positive in the apical (Figure 6a ) and baso-lateral epithelial cell portions of the proximal tubule (Figure 6b) , while in the distal tubule, the reaction was only positive in the baso-lateral zone of the epithelial cells (Figure 6c ). The products of the reaction were also present at the endothelial level of the peritubular vessels (Figure 6d) .
At the XIII larval stage shortly before metamorphosis, the tadpole pronephros shows signs of degeneration of the glomus and the entire tubule. In the tubule, clusters of epithelial cells are at different stages of degeneration and show a rarefied and vacuolized cytoplasm with abundant lysosomes and small, dense mitochondria. The cellular membranes are fragmentized and the basolateral folds are reduced (Figures 7a,b) . The cytochemical reaction products were scarce in these cells, and did not appear as separate lead deposits but rather as a thin, electron-dense line that highlighted the membranes (Figure 7c ).
At this larval stage the mesonephros is almost completely developed, and the cytochemical reaction was also positive in the Malpighian corpuscle and the tubule. However, clusters of cells with peculiar characteristics were observed along the proximal tubule. The cells had a transparent cytoplasm and contained numerous electron-dense granules (Figure 7e ) similar to those described in the cardiac atria of mammals [20] and in the gills and lung of Anura [17, 18, 38] . These granules are thought to contain ANP-like peptides. The anti-αANP immunolocalization confirmed the nature of the granules. In fact, the immunoreaction at the level of the proximal tract was also very positive in some well-defined zones within the wall (Figure 7f) . Figures 7d and 7g show the control samples of the cytochemical and immunocytochemical reaction. 
Discussion
The young larvae have a fully developed and functional pronephros that is associated with the aquatic life of the tadpole. Together with the gills, it excretes waste material and regulates the water balance [1, 4, [62] [63] [64] . Shortly before metamorphosis, when the animal is preparing for a terrestrial life, the pronephros begins to degenerate and is gradually replaced by the mesonephros. Pronephros and mesonephros are coexistent for a part of the larval period and both participate in the formation of urine and osmoregulation [3] .
In this study we examined both of these organs of the excretory apparatus of Bufo bufo larvae, and have demonstrated that there is a well developed ANP system by establishing the presence of the receptors and of the ANP production sites. These findings confirm the osmoregulatory role of this peptide. Previous studies have reported the presence of ANP receptors in the mesonephros of adult amphibia that live in different environments, and have shown that the kidneys of these animals are peptide target organs [47, 48, [65] [66] [67] . In particular Meier et al. [48] have localized two ANP receptor populations in the kidney of the toad Bufo marinus. The majority of receptors is represented by the C receptor, one that is unable to stimulate the production of cGMP. The second population is represented by receptors coupled to GC, but the authors were not able to distinguish GC-A from GC-B. With the cytochemical method used in this work, the presence of C receptor was not revealed but it cannot be excluded that the larval excretory apparatus also has this type of receptor. As regards the GC coupled receptors, it is possible that most of the receptors are represented by the GC-A receptor since it binds to the ANP with greater affinity.
In the larval pronephros, the ANP receptors were localized in the glomus and tubule. The glomus showed a positive reaction at the level of the capillaries and podocytes, particularly along the membranes near the coelomic cavity. ANP may be involved in the control of capillary blood pressure and in glomerular filtration, thereby facilitating the passage of the ultrafiltrate into the coelomic cavity.
The ANP receptors were also present along the entire tubule. In the proximal tubule cells, the receptors were abundant along the whole membrane. This arrangement demonstrates a direct correlation with diuresis and with the glomerular-tubular balance which involves changes in sodium reabsorption in relation to the glomerular filtrate [68] . In the distal tubule, the ANP receptors only were present in the basal compartment of the epithelial cells. This tubular pronephric tract resembles the distal tubule of the adult amphibian mesonephros [9, 14, 15, 69] that is considered to be a diluent segment since it is waterproof and actively reabsorbs NaCl [70] . The ANP receptors may indicate hormonal involvement in the flow of sodium toward the inside compartment.
At the X larval stage, the excretory apparatus also has a developing and partially functioning mesonephros as demonstrated by the presence of the ANP receptors in the few fully developed nephrons. Thus, a positive reaction was detected at the level of the Malpighian corpuscle and tubule; i.e., in the same functional compartments as the pronephros. However, in this larval stage, the excretory and osmoregolatory functions are mainly carried out by the pronephros.
At the XIII larval stage, the pronephros degenerates, and the tubular epithelial cells have a thin cytoplasm and broken membranes which affect the function as demonstrated by the unusual morphological appearance of the cytochemical reaction products.
In the tubule of the completely developed mesonephros, groups of cells were observed that contained dense secretory granules. Based on their ultrastructural characteristics, these granules seemed to contain ANP-like peptides [17, 18, 20, 38] , and the positive anti-αANP immunolocalization confirms their nature. ANP may be produced in the mesonephros up to this stage, and then carry out an autocrine/paracrine action associated with the endocrine action of cardiac ANP. ANP production may continue in the adult mesonephros similar to what occurs in the mammalian kidney [40] [41] [42] [43] [44] [45] [46] .
For its osmoregulatory action, ANP plays an important role in these critical stages of development. Because the amphibian larvae live in fresh water and are subject to a massive absorption of water, they are subject to body swelling and salt loss. The pronephros and the gills regulate the electrolyte and water balance with a potent natriuresis and diuresis as well as with the production of abundant, diluted urine. After metamorphosis, when the gills and the pronephros degenerate, this role is assumed by mesonephros alone, which later functions in conjunction with the skin.
